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(54) Apparatus and method for forming a film on a substrate 

(57) A film-forming apparatus tor forming a non-sin- 
gie crystalline silicon series semiconductor film on a 
substrate (107) in a film-forming space provided in a 
vacuum chamber ft 01} using a very high frequency 
power supplied through a high frequency power supply 
means comprising a bar-iike shaped electrode (106), 
wherein said bar-tike shaped electrode is arranged such L_ 
trial the longitudinal direction thereof intersects a direc- 
tion for said substrate to be moved (1081, and a length 
of said film-forming space (1 10) relative to the direction 
for said substrate to be moved is in a range of from 1716 
to 1/2 of a wavelength of said very high frequency power 
supplied in said film-forming space. A film-forming — _ —i i 

method for forming a non-single crystalline silicon 
series semiconductorfilm on a substrate using saidfilm- n 
forming apparatus. 
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Description 

BACKGROUND OF THE INVENTION 
3 1- pel d of the invention 

[0001] The present invention relates to an apparatus and method for forming a functional deposited film on a sub- 
* More oar i ty, the p i ti snt i 1 ai [ ( i ,, e rtni i • >i 1 i 

ited film, representatively, such as an amorphous silicon series semiconductor deposited film [the tern "semiconductor 
to deposited film" will be hereinafter referred to as "semiconductor film" for simplification purpose) on a desired substrate, 
which is suitable for use in a semiconductor device such as a thin film solar ceil or the like, by way of plasma chemical 
vapor deposition (hereinafter referred to as plasma CVD). Such amorphous silicon, series semiconductor film includes, 
for instance, an amorphous silicon semiconductor film, an amorphous silicon-germanium semiconductor film, an amor- 
phous silicon carbide semiconductor film, and a microcrystaliine silicon semiconductor film. 

is 

2. Reiated Background Art 

[0002] It is known that an amorphous silicon semiconductor film having a large area can be formed by way of 
plasma CVD and therefore, s large area amorphous silicon semiconductor device amorphous cr;n be relatively easily 

20 formed in comparison with the case of forming a large area single crystalline or polycrystalline silicon semiconductor 
device. In fact, amorphous silicon semiconductor films have been often used in the preparation of various semiconduc- 
tor devices required to have a large area, such as solar cells, photosensitive members (or light receiving members) for 
copying machines, image sensors for facsimiles, and liquid crystal displays having a thin film transistor. These semicon- 
ductor devices are greater than semiconductor devices comoristng a crystalline semiconductor such as LSI, CCD, and 

25 trie like in terms of the length or area as a single device. For instance, in the case of a solar cell, when said solar cell is 
supposed to have a photoelectric conversion efficiency of 1 0 %, in order for a general household to be furnished with a 
house hold power of about 3 kW, it. is necessary to establish a power generation area of about 30 m 2 by using a plurality 
of solar cells. In this case, each solar cell is necessary to have a considerably large area 

{0003] Now, in order to form an amorphous silicon film, there is generally adopted a film-forming method wherein a 

30 silicon (Si)-containing raw metenal gas such as SiH 4 , Si 2 H 6 . or the like is introduced into a deposition space in which a 
substrate on which a film is to be formed is arranged, and said raw material gas is decomposed by supplying a high 
frequency power thereto to case plasma discharge, whereby forming an amorphous silicon film on said substrate, 
where an RF power with an oscillation frequency of near 1 3.56 MHz is generally used as the high frequency power. 
[0004] Here, recently, plasma CVD using s VHF (very high frequency) power has attracted public attention. For 

35 ranee, in Arncrpno i echnelgcy 1 Materia rch c . „r r oceedin gs Vo l- 

ume 258). there is described that by changing the discharging frequency from RF of 13.56 MHz to VHF the film depo- 
sition rate can be markedly heightened end a good deposited fitm can be formed at a high speed. 
[0005] In order to continuously form an amorphous silicon series semiconductor device, there are known a number 
oi apparatus for continuously forming an amorphous silicon series deposited film on a long substrate (for example, a 

to web substrate) to obtain an amorphous silicon series semiconductor device. As a representative example of such appa- 
ratus, there can be mentioned a so-called roil-to ro ll type continuous plasma CVD apparatus as disclosed, for instance, 
in U.S. patent No. 4.400,409. The roil to roll type continuous plasma CVD apparatus described in this document com- 
prises a plurality of glow -discharging chambers (film-forming chambers in other words) communicated with each other, 
in said document, there is described that large area semiconductor devices having a desired semiconductor junction 

45 can be. continuously farmed by continuously transporting a long web substrate having a desired width in the longitudinal 
direction along a route of sequentially passing through the glow-discharging chambers. In the case of using such ro!!- 
to-rcll type continuous plasma CVD apparatus, desired semiconductor devices can be continuously produced over a 
long period of time without suspending the operation of the apparatus. Thus, there can be attained high productivity. 
[0006] Now. a VHF plasma CVD method capable of performing film deposition at a high speed is intended to adopt 

50. in a plasma CVD apparatus, it is necessary to take into account such items as will be described below. 

[0007] The term "VHF plasma CVD method" means a piasma-assisted chemical vapor deposition method using a 
very high frequency (VHF) power as a plasma discharging power. 

[0008] Now, in order to generate uniform discharge over a large area, when a discharge electrode in a plate form, 
which is generally used in the case of using a high frequency lying in an RF (radio-frequency) band region (hereinafter 
55 simply referred to as "RF"), is used, the impedance is not desirably increased and it is difficult for the electrode to effi- 
ciently supply a desired electric power in the case of using s high frequency tying in a very high frequency (VHF) band 
region (hereinafter simply referred to as "VHF"). Therefore, it is necessary to use a bar-like shaped antenna or a radial 
antenna respectively hsving a small surface area, as the discharge electrode forthe VHF power in the plasma discharg- 
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ing chamber (the film-forming chamber) of the plasma CVD apparatus. However, in the case where such electrode is 
used, it is difficult to attain an uniform plasma intensity distribution over a large area in comparison with the case of 
using the plate electrode and therefore, it is difficult to continuously deposit a desired semiconductor film uniformly over 
a large area in the film-forming chamber (the discharging chamber) of the plasma CVD apparatus. In addition, the 
s wavelength of VHF is shorter than that of RF and it is, for Instance, 1 00 cm for 300 MHz as a VHF. in this connection, 
the wavelength emitted approximates the see of the film-forming chamber tn which film deposition is performed, where 
when standing wave is formed, a varied piasma intensity distribution is more liable to occur in comparison with the case 
of using RF. 

[0009] Further, in the case of performing film deposition whiie continuously moving the substrate as in the case of 
w the foregoing roil-fo-ro!l type continuous plasms CVD apparatus, there is an occasion that plasma generated in a given 
film-forming chamber (a given discharging chamber) becomes uneven in. the direction for the substrate to be trans- 
ported. Such unevennessof the plasma is rectified by virtue of continuous movement of the substrate and because of 
this, said unevenness of the plasma does not appear as an unevenness for the thickness distribution of a film deposited. 
However, in this case, because the film deposition in said film-forming chamber takes place under such plasma condi- 
i5 tion thai is varied in the thickness direction for a film deposited therein due to the unevenness of the plasma in the direc- 
tion for the substrate to be transported, there is a tendency that a deposited film obtained becomes to have an uneven 
film property in the thickness direction. Thus, there is an disadvantage in that it ss not always ensured to continuously 
form a desirable deposited film having an uniform film properly in the thickness direction. 

20 SUMMARY OF THE INVENTION 

[0010] An principal object of the present invention is to eliminate the foregoing disadvantages in the prior art in the 
case where a VHF plasma CVD method is adopted and to provide a film-forming apparatus and method in which a VHF 
plasma CVD method capable of performing film deposition at a high speed can be desirably adopted and which make 
?.5 it possible to efficiently form a large area semiconductor film having a substantially uniform film property in the thickness 
direction at a high speed even when a bar-like shaped electrode having a small surface area is used as the discharge 
electrode for the VHF frequency power. 

[001 1] Another object of the present invention is to provide a film-forming apparatus and method in which a VHF 
plasma CVD method capable of performing film deposition at a high speed can be desirably adopted and which make 
so it possible to afford an uniform piasma intensity distribution over a large area even when a bar-like shaped electrode 
having a small surface area is used as the discharge electrode for the VHF power, where a semiconductor. ram having 
a substantially uniform film property in the thickness direction can be efficiently over the entire surface Of a large area 
substrate at a high speed. 

[001 2] A further object of the present invention is to provide a film-forming apparatus comprising at least a vacuum 
ss chamber having a film-forming space provided therein, a high frequency power supply means, and a raw materia! gas 
introduction means and in which a non-single crystalline silicon series semiconductor film is formed on a substrate posi- 
tioned in said film-forming space by introducing a raw materia! gas into said film-forming space through said raw mate- 
rial gas introduction means and supplying a high frequency power into said film-forming space through said high 
frequency power supply means, wherein, said high frequency power supply means comprises a bar-like shaped elec- 
ts? trode electrically connected to a very high frequency (VHF) power source, said high frequency power supplied in said 
film-forming space comprises a VHF power, said bar-like shaped electrode is arranged such that the longitudinal direc- 
tion of said bar-like shaped electrode intersects the direction for said substrate to be moved, and the length of said film- 
forming space relative to the direction for said substrate to be moved is in a range of from 1/16 to 1/2 of a wavelength 
of said VHF power supplied in said film-forming space. 
45 [0013] A further object of the present invention is to provide a film-forming method for forming a non-single crystal- 
line silicon series semiconductor film on a substrate positioned in a film-forming space by introducing a raw material gas 
into said film-forming space and simultaneously supplying a VHF power into said film-forming space, wherein said VHF 
power is supplied through a bar-like shaped electrode, said bar-like shaped electrode is arranged such that the longitu- 
dinal direction of said bar-like shaped electrode intersects the direction for said substrate to be moved, and the length 
so of said film-forming space relative to the direction for said substrate to be moved is in s range of from 1/16 to 1/2 of a 
wavelength of said VHF power supplied in said fiim-forming space. 

[0014] tn the present invention, the substrate is preterred to comprise a long web substrate, The bar-like shaped 
electrode is preferred to be arranged such that its longitudinal direction becomes substantially perpendicular to the 
direction for the substrate to be moved. It is also preferred for the bar-like shaped electrode to be arranged such that it 
55 is situated substantially at a center of the direction for the substrata to be moved in the film-forming space. 

[0015] Further, in a preferred embodiment of the present invention, the vacuum chamber has a multi-chambered 
structure comprising a plurality of vacuum chambers each having a fiim-forming space communicated with each other, 
the substrate comprises a long web substrate which is continuously moved in the longitudinal direction while sequen- 
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ttaily passing through said film-forming spaces, and a plurality of non-single crystalline silicon series semiconductor 
films are continuously formed on said long web substrate which is continuously moved whMe forming a desired non-sin- 
gle crystaiiine silicon series semiconductor film on said long web substrate by each film-forming space. 
10016] According to the present invention, a high quality large area semiconductor film having a substantially uni- 
s form film property in the thickness direction can be efficiently formed over the entire surface of a large area substrate at 
s high speed, thus, the present invention is suitable particularly for the production of a soiar ceil'. 

jo [0017] 

FIG. 1(A) is a schematic diagram illustrating the constitution of a principal part of an example of a film-forming 
spparatus according to the present invention. 

FIG. 1 (B) is a schematic diagram illustrating the constitution of a principal part of another example of a fiim-forrning 
is apparatus according to the present invention . 

FIG. 2 is a graph of experiments! results obtained by trie present inventors, which wili be detained later. 

FIG. 3 a schematic diagram illustrating the constitution of an example of a film-forming apparatus in which the 

present invention is applied. 

[0Q1S] The present invention eliminates the foregoing disadvantages found in the prior art and attains trie above 
described objects. 

[0019] As previously described, a first aspect of the present invention is to provide a film-forming apparatus ram- 

25 prising at least a vacuum chamber having a film-forming space provided therein, a high frequency power supply means, 
and a raw material gas introduction means and in wfuch a non-single crystalline silicon series semiconductor film is 
formed on a substrate positioned in said film-forming space by introducing a raw material gas into said film-forming 
Space through said raw material gas introduction means and supplying a high frequency power into said film-forming 
space through said high frequency power supply means, wherein said high frequency power supply means comprises 

30 a bar-like shaped electrode electrically connected to a very high frequency (VHF) power source, said nigh frequency 
power supplied in said fiim-forrning space comprises a VHF power, said bar-like shaped electrode is arranged such that - 
the longitudinal direction of said bar like shaped electrode intersects the direction for said substrate to be moved, and 
the length of said film-forming space reiative to the direction for said substrate to be moved is in a range of from 1/16 to 
1/2 of a wavelength of said VHF power suppiied in said fiim-forrning space. 

as [0020] A second aspect of the present invention is to provide a film-forming method for forming a non-single crys- 
talline silicon series semiconductor film on a substrate positioned in a film-forming space by introducing a raw material 
gas into said film-forming space and simultaneously supplying a VHF power into said film-forming space, wherein said 
VHF power is supplied through a bar-like shaped electrode, said bar-like shaped electrode is arranged such that the 
longitudinal direction of said bar-like shaped electrode intersects tne direction for said substrate to be moved, and the 

4(? - length of said fiim-forming space reiative to the direction for said substrate to be moved is in a range of from t/16 to 1/2 
of a wavelength of said VHF power supplied in said film-forming space, 

{0021 ] Now, in the case of a semiconductor film-forming apparatus of the type in that a functional deposited film is 
formed over a terge area, when a VHF plasma CVO method capable of performing film deposition at a high speed is 
adopted, it is necessary to use a bar-like shaped electrode or a radial antenna respectively having a small surface area. 

45 However, as previously described, in the case where such electrode is used, it is difficult to attain an uniform plasma 
intensity distribution over a large area in comparison with the case of using a piate electrode, where a film deposited is 
liable tc become such that is uneven with respect to the film property in the thickness direction. 
[0022] However, the present invention in that such specific constitution as above described is employed enables 
one io desirably solve such problem Particularly, the film-forming apparatus and the film-forming method of the present 

so invention enable one to efficiently form a high quality large area semiconductor film having a substantially uniform fl!m 
property in the thickness direction over the entire area of the film, which is suitable for the production of a iarge area 
semiconductor device such as a solar cell or the like. 

[0023] In the following, the present invention will be described in more detail with reference to the drawings. 
[0024] Fie. 1 (A) is a schematic diagram illustrating the constitution of a principal part of an example of a ftlm-form- 
£6 ing apparatus according to the present invention. The film-forming-apparatus shown in FIG. I (A) comprises a double- 
chambered system comprising a vacuum vessei {an ouferchamber) and an inner chamber (having a fiim-forrning space 
or a discharge space) provided in the vacuum vessel FIG. 1(B) is 3 schematic diagram illustrating the constitution of a 
principal part of another example of a film-forming apparatus according to the present invention. The lilm-forming appa- 
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ratus shown in FIG. 1(B) comprises a single chambered system comprising a vacuum vessel having a film-forming 
space (or a discharge space) provided therein. 

[0025] InFIGs. 1(A) and 1(B). reference numeral 1 01 indicates a vacuum vessel. Reference numeral 1 14 [see, FIG. 
1 (A)] indicates an inner chamber haying a film-forming space 1 02 (or a discharge space) provided in the vacuum cham- 
s ber 101. The inner chamber 1 14 in this embodiment is shaped in a rectangular form and therefore, me film-forming 
space 102 is shaped in a rectangular form accordingly. But this is not limitative. The inner chamber may be shaped irt 
other appropriate form. Reference numeral 102' [see, FIG. 1(B)] indicates a film-forming space (or a discharge space) 
provided in the vacuum chamber 101. The vacuum chamber 1 01 in this case is shaped in a rectangular form and there- 
fore, the film-forming space 1 02 is shaped in a rectangular form accordingly. But this is not limitative. The vacuum chsm- 
w ber may be shaped in other appropriate form. 

[0026] Each of reference numerals 1 1 3 and 1 1 3' indicates a circumferential wail of the vacuum chamber 1 01 . 
[0027] Each of reference numerals 1 15 and 1 15' [see, FiG. 1 (A)j indicates a circumferential wall (cr an inner wail) 
of the inner chamber 114. The circumferential waif (115, 1 15') shown in FIG. 1(A) is provided with a piurality of small 
perforations mainly for the purpose of encouraging exhaustion of gas in the film-forming epace 102. However, the ar- 
ts cumferentiai wall is not always necessary fo be provided with such perforations. 

[0028] Reference numeral 1 03 indicate a gas feed pipe which is open into the film-forming space 1 02 [see, FIG. 
1 (A)] or the ftim-formino space 1 02' [see, FIG. 1(B)] through one end thereof and is communicated with a raw material 
gas' supply system (not shown). Reference numeral 104 indicates an exhaust passage which is connected to an 
exhaustion device (not shown). Reference numeral 106 indicates a bar-iike shaped eiectrode as a high frequency 
so power supply means provided in the film-forming space 102 [see, FIG. 1(A)] or the film-forming space 102' [see, FiG. 
1 (B)j and which is electrically connected to a VHF power source 1 05. Reference numeral i 07 indicates a substrate (a 
web substrate) which is transported in a direction 108 (that is, in a direction from left side toward rightside in the figure). 
Reference numeral 109 indicated a heater for heating the substrate 107. 

[0029] Now, as shown in FIG. 1 (A), in the vadium vessel 101 , there is provided the film-forming chamber 1 02 (or 
ss the inner chamber). The inner chamber 1 14 having the film-forming space 102 is provided the gas feed pipe 103 and 
the exhaust passage 104. in the film-forming space 1 02, there is provided the baHIke shaped electrode 1 06 as the high 
frequency power supply means which is electrically connected to the VHF power source 105. The substrate 1 07 serves 
to enclose the film-forming space 102 of the inner chamber 114. The heater 109 is provided above and along the route 
of the substrate 107 to be transported in the direction 1 08 and it serves to heat the substrate 1 07 to a desired temper- 
so ature upon the film formation. In the film-forming space 1 02, a given raw material gas is introduced through the gas feed 
pipe 1 03 and at the same time, a given VHF power is supplied through the bar-ltke shaped electrode 106 to generated 
plasma discharge therein, whereby a desired semiconductor film is formed on a surface of the substrate 10/ which is 
faced to the film-forming space 1 02. 

[0030] Here, the bar-like shaped electrode 1 06 as the high frequency power supply means is arranged in the film- 
as forming space 102 such that it is linearly extended toward an innermost portion of the figure (that is, it is extended in a 
direction perpendicular to the paper face of the figure) and its longitudinal direction is substantially perpendicular to the 
transportation direction 108 of the substrate 107. And the length 1 f0 of the film-forming space 102 relative to the trans- 
portation direction 1 08 of the substrate 107 is made to fall in a range of from 1/16 to 1/2 of a wavelength of a VHF power 
supplied from the high frequency power supply means (the bar-like shaped electrode 106). 
40 [0031] The formation of a deposited film on the substrate 107 may be conducted in an intermittently film-forming 
manner wherein the transportation of the substrate 1 07 is once suspended and a desired semiconductor film is formed 
on a portion of the substrate 1 07 which is at a standstill and is situated in the film-form irs'g space, then the substrate is 
moved and stopped, followed by forming a desired semiconductor film on a successive portion of the substrate which 
is at a standstill and is situated in the film-forming space. It is also possible that a desired semiconductor film is comin- 
45 uously formed on the substrate by the film-forming space 1 02 while continuously transporting the substrate. Now. ref- 
erence numeral 1 1 2 in FIG. 1 (A) indicates a length between the opposite circumferential walls (1 13, 1 1 3') of the vacuum 
vessel. 

[0032] in the film-forming apparatus according to the present invention, upon forming a deposited film (a semicon- 
ductor film on a substrate positioned in the film-forming space (or the fiim-forming chamber) by means of a VHF plasma 

so CVD method, with respect io a direction perpendicular to the transportation direction of the substrate, the VHF power 
supply means comprising the bar-like shaped electrode is arranged such that the longitudinal direction of the VHF 
power supply means intersects the transportation direction of the substrate, whereby an uniform high frequency (VHF) 
power density is attained; and the length of the film-forming space (or the film-forming chamber} relative to the trans- 
portation direction of the substrate is made to fall in a range of from 1/ 1 6 to 1/2 of a wavelength of the VHF power sup- 

ss piied in the film-forming chamber, whereby enlargement of a film-forming area is attained while attaining an uniform 
high frequency (VHF) power density. 

[0033] The film-forming space is meant a discharge space in other words. The discharge space corresponds a 
region where discharge (or plasma discharge) is caused in the chamber. For instance, in the case of FIG. 1 (A), the tfis- 
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charge space (that is, the film-forming space 1 02) is situated inside the inner chamber 114. Thus, the distance between 
the opposite circumferential waits (115, 115" of the inner chamber 1 14 corresponds the length 110 of the film-forming 
chamber (or the film-forming space) relative to the transportation direction of the substrate. 

[0034] Separately, in the case of a film-forming- apparatus shown in FIG. 3, a film-forming space 317 which serves 
s as a discharge space is prodded tn an inner chamber 323 which is provided in a vacuum vessel 304. In FiG.3, refer- 
ence numeral 301 indicates a web substrate which is transported in a direction expressed by an arrow mark 316. The 
length of the film-forming space relative to the transportation direction of the substrate in the film-forming apparatus 
shown in FIG. 3 is a length 318 corresponding the distance between the opposite circumferential walls (324, 324') of 
the inner chamber 323. 

10 [0035] Further, in a single chambered comprising a vacuum vessel having a film-forming space (or a discharge 
space) provided therein without-having an inner chamber as in the case of the film-forming apparatus shown in FIG. 
1(B). the film-forming space 102' as the discharge space is situated inside the vacuum vessel 1 01. The length of the 
film forming space relative to the transportation direction of the substrate in this case is a length 1 1 1 corresponding the 
distance between the opposite circumferential walls (113. 113') of the vacuum vessel 101 . 

is [0036] Separately, in the constitution of RG. 1 {A}, when the inner chamber 11 4 is constituted by. an insulating mate- 
rial, the discharge space (the discharge region) is extended outside the inner chamber 114 and therefore, the such 
extended region is also incfuded in the film-forming space. In this case, the distance 1 1 2 between the opposite circum- 
ferential waits (113,1 13') corresponds the length of the film-forming space relative to the transportation direction of the 
substrate. 

so [0037] Now, in the case where a given VHF power is supplied in the film-forming space, when no plasma is gener- 
ated therein, the inside of the film-forming is maintained in a vacuumed state, and the opposite inner wall faces of the 
film-forming space are in parallel to each other in a directed for the substrate to be transported, the distance between 
an antinode and a node of a standing wave becomes to be 1/4 of e waveiength of the VHF power supplied. And when 
. the length (1 1 0, 31 8) of the film-forming space relative to the transportation direction of the substrate is made to be. 1/4 

25 of the wavelength of the VHF power supplied, and the bar-like shaped electrode as the high frequency power supply 
means is arranged in the fijm-formmg space such that it is situated at a substantially central position of the transporta- 
tion direction of the substrate while making the longitudinal direction of the bar-like shaped electrode as the high fre- 
quency power supply means to be substantially perpendicular to the transportation direction of the substrate, the 
distance between the bar-iike shaped electrode and each of the opposite inner wall faces of the film-forming space 

30 becomes to be W of the wavelength of the VHF power supplied. 

[0038] In this connection, by making the length (110,318) of the film-forming space relative to the transportation 
direction of the substrate to be less than 1 12. of the wavelength of the VHF power supplied through the bar-like shapsd 
electrode, even when a standing wave should be occurred in the film-forming space, ifs antinode and node are nor con- 
currently occurred. Thus, even when a given VHF power is supplied in the film-forming space from the bar-like shaped 

35 electrode as the high frequency power supply means, the amplitude Of the standing wave is suppressed to prevent field 
intensity distribution from being varied. 

[0039] On the other hand, in the case where the length (110,316) of the film-forming space relative to the transpor- 
tation direction of the substrate is made to be excessively small in comparison with the wavelength of the VHF power 
supplied, the distance between the oar-like snaped electrode and each of the opposite tnner.wal! faces cf the film-form- 
■w ing space is undesirably shortened and in this case, when a tiny protrusion is present on the inner wall face of the film- 
forming space, discharge is liable to convergent^ occur at such protrusion. Thus, when the length (1 10, 318) ot theftim- 
forming space relative to the transportation direction of the substrate is excessively smali. there cannot be attained uni- 
■ form discharge. 

[0040J FIG. 2 graphically illustrates part of measured results of plasma intensity distributions in the film-forming 
45 space of the film-forming apparatus shown in .FIG. T(A) obtained by the present inventors through experiments which 
were conducted by using a VHF power with an oscillation frequency of 100 MHz and varying the length 1 10 of the film- 
forming space relatiye to thetransportaticn direction of the substrate in a rage of from 1/32 (9.375 cm) to 3/4 (225 cm) 
of the wavelength (300 cm) of the VHF power supplied. In FIG. 2. the abscissa indicates the length 110 of the film-form- 
ing space relative to the transportation direction of the substrate, and the ordinate indicates an index showing uniSormity 
so of a plasma intensity in the film-forming space in the direction for the substrate to be transported, where values shown 
are those respectively obtained. by dividing the minimum value of the ptasma intensity by the maximum value of the 
plasma intensity when the plasma intensity distribution relative to ths transportation direction of the substrate was 
observed. 

[0041] In the above, the plasma intensity was measured by the following manner. That is, the inside cf the film-form- 
55 -ing space is made to be an atmosphere composed of He gas, the VHF power is supplied to cause he plasma in the 
film-forming space, arid the plasma intensity is measured by means of a plasma probe inserted in the film-forming 
space while travelling the plasma probe in the transportation direction of the substrate. 

[0042] Based on the results shown in FIG. 2. there was obtained a finding that even in the case where the bar-like 
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shaped electrode is used as the discharge electrode, when the length 11 0 of the film-forming space relative to the trans- 
portation direction of the substrate is made to fail in a range of from about 1/16 to about 1/2 of the wavelength of the 
VHF power supplied. 

[B043] The above experiment procedures were repeated by changing the oscillation frequency of the VHF power 

> to 30 MHs and 300 MHz. As a result, similar results were obtained. 

[0044] As above describad, the high frequency power used in the present invention is a VHF power. 
[0045] The VHF is cf an oscillation frequency which is higher than that of RF, i.e.. 13.56 MHz or the like which is 
generally used in the case of using RF, and which is lower than that of a microwave, i.e. 2.46 GHz or the like. Specifi- 
cally, the VHF is of an oscillation frequency roughly in a range of from 20 MHz to 500 MHz. It is preferred to selectively 

w use -a VHF with a relatively large oscillation frequency which fails in this range in the case where it is intended to 
heighten the plasma density and to improve the film deposition rate. In the case where it is intended to attain uniformity 
of the plasma over a large area, it is preferred to selectively use a VHF with a relatively small oscillation frequency which 
falls in the above range, which has a relatively long wavelength and excels in uniformity for a large area. 
[0G46J The high frequency power supply means used in the above comprises a bar-like shaped electrode. The bar- 

t5 like shaped electrode differs from a ptate electrode. which is generally used as the RF discharge electrode, and it is 
meant an electrode shaped in a bar-tike form whose surface area is small. 

[0047] The bar-like shaped electrode may have a cross section in a circular form or a rectangular form, or it may 
has a cross section in which the thickness is varied. And the configuration thereof in the longitudinal direction may be 
in a linear form, a crank form or a curved form. In any case, the bar-like shaped electrode is arranged such that its lon- 
so gitudinal direction intersects the transportation direction of the substrate, preferably at right angles. 

[0048] The length of the bar-like shaped electrode is preferably 1/2 or less, or more preferably 1/4 or less of a wave- 
length of an VHF power supplied through the bar-like shaped electrode, with respect to a perpendicular direction to the 
transportation direction of The substrate. 

[0049] The position tor the bar-like shaped electrode arranged in the tiim-forming space should be determined so 
25 that plasma is generated in a more uniform state in the transportation direction of the substrate. Particulariy, when the 
VHF power Is supplied from one position, it is desired for the bar-like shaped electrode to be arranged In the vicinity of 
the center of the film-forming space in the transportation direction of the substrate. For the height of the bar-like shaped 
electrode at said position in the film-forming space, the bar-like shaped electrode is not arranged so as to situate in 
proximity to the inner wall face of the film-forming space in a manner of generally adopting in the case where an RF 
3d plate electrode is arranged but it is desired to be arranged in a floated state having a prescribed interval from either 
inner wall face of the film-forming space. 

[0050] The bar-tike shaped electrode is constituted by a material which retains its shgpe without being melted or 
curved and which retains its electrical conductivity even when high density plasma is formed by introducing a high dis- 
charging power. As such material, there are mentioned metallic materials which satisfy these requirements. Specific 

35 examples of such metallic materia! are stainless steels, nickel and the (ike. Besides, carbon rods are also usable. 
[0051] As the raw material gas used for the formation of a non-single crystalline silicon series semiconductor film 
in the present invention, there can be mentioned, for example, SVccntsining compounds capable of 'imparting silicon 
(Si) atoms and which are in the gaseous state at room temperature or can be easity gasified, representatively such as 
chain siiane compounds, cyclic silane compounds, and the like. Specific examples of such compound are SiH 4 , Si 3 H 6 , 

40 SIF„. SiFH 3 . SiF 2 H 3 . S1F3H. Si 3 H a .. SiD 4 . SiHDg. SiH a D 2 , SiH 3 0. SiFD 3 , SiF 2 D 2 , SijjD^, <SiF s fe. (SiF 2 ) 6 . (SiFj),,. 
Si ; ,F 6 , 3i 3 F 8 , SI 2 H 2 F d , Si 2 H 3 F 3 , SiCi 4 . (SiCI 2 ) s , SiBr 4 , Si s Gl s , SiHC% SiH 2 Br 2 , SiHgC! s , and S1CI3F3 which are in the 
gaseous state at room temperature or can be easily gasified. The term "D" in these compounds indicates deuterium. 
[0052] Similarly as the raw material gas used for the formation of a non-single crystalline silicon-germanium semi- 
conductor film in the present invention, an appropriate Ge-containing compound capable of imparting germanium (Ge) 

*s, atoms and which is in the gaseous state at room temperature or can be easily gasified is used in addition to any of the 
above-mentioned Si-containing compounds. Specific examples of such Ge-containing compound are GeH 4 , GeD 4 , 
GeF 4 , GeFHg, GeF ;? H 2 , GeF 3 H, GeHD 3 , GeHjD'i, GeH 3 D, Q,e 2 \\, Ge 2 D 6 , and the like which are in the gaseous state 
at room temperature or can be easily gasified. 

{0053] As the raw material gas used for the formation of a non-single crystalline silicon carbide semiconductor film 
so in the present invention, an appropriate C-containing compound capable of imparting carbon (C) atoms and which is in 
the gaseous state at room temperature or can be easily gasified is used in addition to any of the above-mentioned Si- 
ccntaining compounds. Specific examples of such C-containing compound are CH 4 , CD 4 , C n H ?n+; j (with n being an 
integer), (with n being an integer), C 2 H 2 , C 6 H 6 , C0 2 , CO, and the like which are in the gaseous state at room 
temperature or can be easily gasified. 
55 [0054] in the present invention, any of the non-single crystalline silicon series semiconductor films formed may be 
made to have a conduction type of either p-type or n-type by incorporating an appropriate valence electron-controlling 
agent therein upon the formation thereof. Such valence eiectron-controlling agent includes group III elements and 
group V elements of the periodic table. In order to incorporate such group lil or V element as the valence electron-con- 
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trolling agent, there is used an appropriate compound capable of supplying a group HI or V element which is in the gas- 
eous state at room temperature or can be easily gasified. 

[0055] Specific examples of such group III element-supplying gaseous or easily gasifiable compound are boron 
hydrides such as B a H ti , and the like, and boron halides such as BF 3 , BCI 3> and the like, which are capable supplying B 
s upon the film formation. Similarly specific examples of such group V element-supplying gaseous or easily gasifiable 
compound are phosphorous hydrides such as PH ;i , and the like, and phosphorous halides such as PF 3 , and the like, 
which are capable of supplying P upon the film formation. Besides, other compounds such as AsH 3 , and the like are 
also usable. 

[0056] Any of the foregoing gaseous raw materials used for the formation of a given semiconductor film may be 
to diluted with an appropriate dilution gas such as H 2 gas. Ne gas, Ar gas, Xe gas of Kr gas prior to the introduction thereof 
into the film-forming space. 

[0057] The substrate on which a desired semiconductor film is formed in the film-forming space while moving the 
substrate is desired to be constituted by a material which is scarcely deformed or distorted at a temperature required 
upon the film formation, has a desired strength, and is electrically conductive. Such material can include metal thin 
76 plates made of aluminum, iron or stainless steel, and films made of heat-resistant resin such as polyimide orfluororesin 
(Teflon) and which are applied with electroeonductive treatment to their surface. 

[0058] In the following, the present invention will be described in more detail with reference to examples, it should 
be understood that these examples are only for illustrative purposes and are not intended to restrict the scope of the 
press-": invention. 

20 

Examp le lA 

[0059] In this example, using a film-forming apparatus of the constitution shown in FIG. 3, there was prepared a 
solar cell having a three-layered structure with a n-i-p junction composing a non-singie crystalline silicon series mate- 
25 rial, 

[0060] FIG. 3 a schematic diagram illustrating the constitution of an example of a film-forming apparatus in which 
the film-forming apparatus shown in FIG. I (A) of the present invention is adopted. 

[0061] In the apparatus shown in FIG. 3, a three-layered semiconductor film comprising a non-single crystalline sil- 
icon series material lor a soSar cefi for example can be continuously formed on a web substrate while continuously mov- 

30 ing to sequentially pass through three chambers. The film formation in this case may be conducted in an intermittently 
ftim-forming manner wherein the transportation of the substrate is once suspended when the substrate arrives in e 
given chamber and a desired semiconductor film is formed on a portion of the substrate which is at a standstill, then the 
substrate is moved and stopped when the substrate arrives in a next chamber, followed by forming another semicon- 
ductor film on a successive portion of the substrate which is at a standstill. 

35 [0OS2] Wow, in FIG. 3, reference numeral 321 indicates a pay-out bobbin having a long web substrate 301 wound 
thereon in a coil form, which is installed in a substrate delivery chamber 302. The web substrate 301 is paid out from 
the pay-out bobbin 321, and it is delivered through a steering roll, followed by being transported to sequentially pass 
through vacuum chambers 303.. 304, and 305, and enters in a substrate take-up chamber 306 where it is taken up by 
and wound on a take-up bobbin 322 in a coil form provided in the substrate take-up chamber 306. The delivery chamber 

■w 302, the vacuum chambers 303-305, and the take-up chamber 306 are communicated with each other by means of 
respective gas gates 307. Each gas gate 307 which allows the web substrate 3Q1 to passthrerethrough is provided with 
a gate gas introduction pipe 308 at a position in the vicinity of the central portion in a direction for the web substrate 301 ■ 
to be transported. Each gate gas introduction pipe 308 is extending from a separation gas supply system (not shown). 
Separation gas such as H 2 gas or He gas is introduced into each gas gate 307 through the corresponding gate gas 

4S introduction pipe 303. where gas fiow is.fcrmed so to flow from the center of the gas gate 307 toward either sides of the 
adjacent chambers. This situation prevents the raw material gases used in the adjacent chambers from being contam- 
inated with each other. Thus, the raw material gases used in the adjacent chambers are isolated one from the other. 
[0053] In each of the vacuum chambers 303 and 305, film formation on the web substrate 301 is conducted by an 
RF plasma CVD method using an RF power with an oscillation frequency of 13.56 MHz. Each of the vacuum chambers 
■ so 303 and 305 is provided with a film-forming space and a heater 313 provided above the film-forming space, wherein the 
trim-forming space is provide with a discharge electrode 31 1 (in a plate tonn) therein which is electrically connected to 
an Rf power source 319 and it is also provided with a gas feed- pipe 309 extending from a raw material gas supply sys- 
tem (not shown) and an exhaust pipe 31 0 which is connected to an exhaustion device (not shown), in the film-forming 
space in each of the'vacuum chambers 303 and 305,' an RF power with an oscillation frequency of S3. 56 MHz is sup- 

55 plied through the dischsi ye electrode 311. 

£0064] The vacuum chamber 304 has the same ccfst'rtut'ion as that shown in FiG. 1(A). in the vacuum chamber 
304. film formation on the web substrate 301 is conducted by a VHF plasma CVD method using a VHF power with an 
oscillation frequency of 100 MHz, in the same manner as in the case of FIG. 1{A). In the vacuum chamber 304, there 
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is provided an inner chamber 323 provided having a film-forming space 31 7 therein. Reference numeral 304' indicates 
a circumferential wall of the vacuum chamber 304, and each of reference numerals 324 and 324 ! a circumferential wall 
of the inner chamber 323. Reference numeral 312 indicates a bar-like shaped electrode provided in the fifrrs-forming 
space 31 7. To the bar-iike shaped electrode 312, a VHF power source 31 4 is electrically connected and a D.C. power 

s source 315 is also electrically connected through a choke coil 320. Thus, in the film-forming space 317, it is possibie 
that a VHF power with an oscillation -frequency of 1 00 MHz is supplied through the bar-like shaped electrode 312, and 
at the same tine, a given D.C. voltage as a bias voltage is supplied also through the bar-like shaped electrode 3i2. 
[0065] The inner chamber 323 is provided with a gas teed pipe 309 extending from a raw material gas supply sys- 
tem (not shown) and an exhaust pipe 310 {or an. exhaust passage) connected to an exhaustion device (not shown). Ref- 

w erertce numeral 313 indicates- a heater for heating the web substrate 301, which is provided above the film-forming 
space 317, 

[006S] The bar-tike shaped electrode 312 is shaped in a long round bar form which is extended in a width direction 
of the web scbstrata 301. And the bar-like shaped electrode 312 is arranged such that its longitudinal direction inter- 
sects the transportation direction 316 of the web substrate 301 . 

75 [0067] Further, in the vacuum chamber 304. the length 318 of the film-forming space 31 7 relative to the transpor- 
tation direction 31 6 of the web substrate 301 is made to fall in a range of from 1/16 to 1/2 of a wavelength of the oscil- 
lation frequency of the VHF power source 314. In *is example, the length 318 of the film-forming space 317 relative to 
the transportation direction 318 of the web substrate 301 was made to be 1/4 {75 cm) of said wavelength. 
[0068] Film formation using the apparatus shown in FIG. 3 was conducted as follows. 

20 [0069] There was provided a pay-out bobbin 321 having a stainless steel web substrate (SUS430-BA) having a 
length of 500 m, a width of 356 mm and a thickness of 0.15 mm as the web substrate 301 wound thereon in a coii form. 
This pay-out bobbin 321 was set in the deliver/ chamber 302. The web substrate 301 was paid out from the pay-out. 
bobbin 321 , and it was delivered from the delivery chamber 302, followed by passing through the first gas gate 307, the 
vacuum chambers 303, the second gas gate 307, the vacuum chamber 304, the third gas gate 307, the vacuum chsn- 

25 ber 305, and the fourth gas gate 307 to enter in the substrate take-up chamber 306 where the beginning portion of the 
web substrate 301 was fixed to and wound on the take-up bobbin 322. And the transportation system was adjusted- so 
that the web substrate 301 could be continuously and smoothly transported from the substrate delivery chamber 302 to 
the substrate take-up chamber white being tensioned without being distorted or warped using a tension applying mech- 
anism (not shown). Then, the inside ol each of the chambers 302-306 was evacuated to a vacuum of less than 1 Paby 

so "means of the exhausion means (including the exhaust pipe 310). While continuing the evacuation for each chamber, 
He gas was introduced into each of the vacuum chambers 303-305 at a flow rata of 1 00 seem through the gas feed pipe 
309, and the inner pressure of each of the vacuum chambers 303-305 was maintained at 100 Pa by regulating the 
opening of an exhaust valve {not shown) provided in the exhaustion means. 

[0070] While maintaining this, state, by actuating a substrate-conveying mechanism provided at the take-up bobbin 

35 322, the web substrate 301 was started transporting st a transportation speed of 1 200 mm/minute. Then, the substrate 
web 301 moving in each of the vacuum chambers 303-305 was heated to have a prescribed substrate temperature 
using the corresponding heeter 313 and a corresponding substrate temperature monitor (not shown). When the wab 
substrate 301 became so that it was uniformly heated to have a prescribed substrate temperature in each of the vac- 
uum chambers 303-305. while continuing the heating of the web substrate 301. the introduction of the He gas was ter- 

40 minated. followed by introducing raw material gas including SiH,, into the film-forming space of each of the vacuum 
'chambers 303-305 through the corresponding gas feed pipe 309. In this case, H a gas as the separation gas was flown 
into each of the gas gates 307 at a flow rate of 1 000 seem through the corresponding gate gas introduction pipe 303. 
[0071] Then, in each of the vacuum chambers 303 and 305, an RF power with an oscillation frequency of 13.56 
MHz was supplied into the film-forming space therein through the plate electrode 311 to case plasma discharge 

".5 whereby the raw material gas therein was decomposed, and in the vacuum chamber 304, a VHF power with an oscil- 
lation frequency of 1 00 MHz was supplied into the film-forming space 31 7 through the bar-like shaped electrode 312, 
in addition, a D.C. voitage of 100 V was applied to the bar-iike shaped electrode 312 in a forward direction to the web 
substrate 301 having an earth potential, whereby plasma discharge was caused to decompose the raw material gas 
therein. By this, on the web substrate 301 which was moving, there were sequentially formed an n-type amorphous sti- 

so Icon (a-Si) semiconductor film in the vacuum chamber 303, an i-type amorphous silicon-germanium (a-SiGe) semicon- 
ductor film in the vacuum chamber 304, and a p-type microcrystalline silicon (jic-Si) semiconductor film in the vacuum 
chamber 305. in this way, a semiconductor film having a three-layered structure with a n-i-p junction for a solar cell was 
continuously formed on the long web substrate 301 . 

[0O72] Details ot the film-forming conditions in the respective vacuum chambers 303-305 in the above are collec- 
ts iively shown in Table 1 .• 

J0073] In the above, the length 31 8 of the film-forming space 317 in the vacuum chamber 304 relative to the trans- 
portation direction 316 of the web substrate was made to be 1/4 (75 cm, see Table 1 ) of the wavelength of the VHF 
power supplied. In this connection, it is considered that an sntinode and a node of the VHF were not concurrently 
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present in the fiim-forming space 317. Thus, it is considered that the plasma was generated in a substantially uniform 
V ii r film-torn pen 

[0074] Now, the above formation of trie semiconductor film having a three-layered structure with a n-i-p junction on 
the web substrate 301 was continuously conducted over the length of 400 m of the web substrate 301 . Thereafter, the 

s supply of the discharging power and the introduction of the raw materia! in each of the vacuum chambers 303-305 were 
terminated, the heaters in the respective vacuum chambers were switched off, and the inside of each of the chambers 
was sufficiently purged. Then, the web substrate and the inside of the apparatus were sufficiently cooled. Thereafter, 
The inside of the substrate was'returned to atmospheric pressure, and the take-up bobbin 328 having the web substrate 
with the three-layered semiconductor film wound thereon in a conform (this wilt be hereinafter referred to as "web sub- 

70 sirate roll") was taken out from the substrate take-up chamber 306, 

[DOTS] The web substrate roll thus taken out was sat irs a conventional roil-to-rcll type film-forming apparatus by way 
of sputtering (not shown), where a 60 nm thick ITO film as a transparent electrode was continuously formed on the 
three-layered semiconductor film formed on the Jong, web substrate. The resultant was cut to obtain a piuraiity of rec- 
tangular elements each having a width of 35 cm and a length of 5 cm (in the substrate transportation direction). Then, 

15 on the transparent electrode of each of the resultant elements, there was formed a collecting electrode by forming a plu- 
rality of Ag thin electrodes at a prescribed interval in accordance with a conventional manner. By this, there were 
obtained a piuraiity of rectangular solar cells having an n-f-P junction structure. For each of the rtssuitant solar cells, 
evaluation was conducted With fespect to its !-V characteristics under irradiation of pseudo sunlignt of AM 1.5 (100 
mWtem 2 ). And based on the i-V characteristics, a photoelectric conversion efficiency was obtained for each of the solar 

20 celts. And there was calculated an average value as an average photoelectric conversion efficiency among the photo- 
electric conversion efficiencies of the solar cells involved. 

ExarnpJejB 

25 [9076] The procedures of Example 1 A were repeated, except that the film formation in each of the vacuum ciiam- 
, bers was conducted without moving the web substrate, to obtain a number of solar cells. It is considered that an antin- 
ode and a node of the VHF were not concurrently present in the film-forming space 317 also in this example. 
[0077] For the resultant solar cells, evaluation was conducted with respect to their characteristics in the same man- 
ner as in Example 1A. And there was measured an average photoelectric conversion efficiency for the solar ceils 

a? involve d- 

[Q07S] The average photoelectric conversion efficiency in this example was compared with the average photoelec- 
tric conversion efficiency in Example t A by setting the tetter at 1. As a result, the average photoelectric conversion effi- 
ciency in this example was found to be 1 .0 time that in Example 1 A. 

[0079] This result reveals that this example enables one to efficiently mass-produce solar cells having a sufficient 
3S average photoelectric conversion efficiency (that is, satisfactory solar cell characteristics) which is similar to that of the 
solar cells prepared by way cf conducting the film formation on the web substrate while continuously moving said web 
substrate in Example 1A. 

[0G8G] incidentally, in Example 1 A. there was adopted the manner of forming a semiconductor film on the web sub- 
strate which was continuously moving, and because of this, the productivity in Example 1 A was higher than that in this 
40 example. 

'.- o-rio ayAciy_t !-j £1 l-1e_LA 

[0081] The procedures of Example 1 A were repeated, except that the length 31 S of the film -forming space 317ral- 
45 alive to the transportation direction of the web substrate was made to be. 3/5 (1 80 cm) of the wavelength of the. VHF 
power supplied which is longer than 1/2 of said wavelength and the flow rates of the raw material gases and the VHF 
power in the fifm-forming space 31 7 were adjusted so that the thickness of the i-type semiconductor layer formed by the 
film-forming space 31 7 became the same as that in Example 1 A, to obtain a plurality of solar ceils having an n-i-P junc- 
tion structure. 

so [0082] The resultant solar cells were evaluated in the same manner as in Example 1 A to obtain an average photo- 
electric conversion efficiency for them, 

[0083] The average photoelectric conversion efficiency in this comparative example was compared with the aver- 
age photoelectric conversion efficiency in Example 1A by setting the latter at 1. As a result, the average photoeiectric 
conversion efficiency in this comparative example was found to be 0.85 time that. in Example 1 A. 
h's [0O84] This result reveals that the average photoelectric conversion efficiency of the solar cells in this comparative 
example is inferior to thai of the solar cells in Example 1 A. 

[0085] in this comparative example, the length 31 8 of the film-forming space 31 7 relative to the transportation direc- 
tion of the web substrate was made to be 3J5 (180 cm) of the wavelength of the VHF power supplied which is longer 
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than 1/2 of said wavelength as above described. Thus, it is considered that an antinode and a node of the VHF were 
concurrently present in the film-forming space 317 and because cf this, unevenness was occurred in the plasma inten- 
sity distribution in the film-forming space 317. In this connection, it is considered that during when the web substrate 
was continuously moving in the film-forming space 317, an i-type semiconductor f ilm was formed on the web substrate 
s with good plasma having good properties and at the same time, another :-type semiconductor film was formed on She 
web substrate with inferior plasma having interior properties. For the semiconductor film formed with VHF plasma hav- 
ing uneven in its rntensify distribution in this way. it is considered that the film has unevenness with respect to the fiim 
property in the thickness direclion. 

[0086] Consequently, the reason why the average photoelectric conversion efficiency Of the sotar cells in this ccm 
w parati ve example is inferior to that of the solar cells in Example 1 A is considered to be owing to the factor that the i-type 
semiconductor film formed in the tiim-forming space 317 has unevenness with respect to the film property in the thick- 
ness direction. 

Compa rative Exarnoie " B 

15 

[0087} The procedures of Example 1 B were repeated, except that the length 318 cf the film-forming space 317 rel- 
ative to the transportation direction of the web substrate was made to be 3/5 (180 cm) of the wavelength of the VHF 
power supplied which is longer than 1/2 of said wavelength and the flow rates of the raw material gases and the VHF 
power in the fifm-formlng space 317 were adjusted so that the thickness of the i-type semiconductor I ayer formed by 
20 the film-forming space 31 7 became the same as that in Example 1 A, to obtain a plurality of solar ceils having an n-i-P 
junction structure. 

[0088] Particularly, because the length 318of the film-forming space 317 relative to the transportation direction of 
the web substrate was made to be longer than 1/2 of the wavelength of the VHF power supplied as above described, 
an antinode and a node of the VHF were concurrently present in the film-forming space 317 and because of this, une- 

23 venness was occasionally occurred in the plasma intensity distribution in the fiim-formmg space 31 7. where a i-type 
semiconductor film having an uniform film property could nol be formed on the web substrate. Thus, of the web sub- 
strate having the three-layered semiconductor film formed thereon, using part of the web substrate having the three- 
iayered semiconductor film whose i-type semiconductor film was formed with the good plasma having good properties 
(the plasma at the central portion in the transportation direction of the web substrate), there: were prepared a plurality 

m of sotar cells having an n-i-P junction structure (these solar ceils will be hereinafter referred to as *solarcell group 1"), 
And using the remaining part of the web substrate, there were prepared a plurality of solar cells having an n-i-P junction 
structure (these solar cells will be hereinafter referred to as "solar cell group 2"). The solar ccfls of each of the sofar cell 
groups 1 and 2 were evaluated in the same manner as in Example 1A to obtain an average photoelectric conversion 
efficiency for the solar cells of the solar cell group 1 and an average photoelectric conversion efficiency tor the solar 

35 celts of the solar cell group 2. 

[0089] Each of the average photoelectric conversion efficiency of the soiar cell group 1 and the average photoelec- 
tric conversion efficiency of the solar cell group 2 was compared with the average photoelectric conversion efficiency in 
Example 1B by setting the average photoelectric conversion efficiency in Example 1Bat 1. Asa result, the average pho- 
toelectric conversion efficiency of the solar cell group 1 was found to be substantially the same as that in Example 1B. 

40 And the average photoelectric conversion efficiency of the soiar cell group 2 was found to be C.65 time that in Example 
IB. 

[0090] These resuits reveal that the average photoelectric conversion efficiency of the sotar ceils of the solar cell 
group 2 is apparently inferior to that of the solar cells in Example 1A. 

[0091] For the reason why the average photoelectric conversion efficiency of the solar cell group 1 is substantially 
45 the sane as thai in Example 1 B, it is considered such that the i-type semiconductor films of the solar cells of the sotar 
ceil group 1 are substantially the same as those of the soiar cells in Example i B with respect to their film properties in 
the thickness direction. For the reason why the average photoelectric conversion efficiency of the solar cell group 2 is 
inferior to that in Example 1 B, it is considered such that the I-type semiconductor films of the soiar cells of the soiar eel! 
group 2 are homogeneous with respect to their film properties in the thickness direction. 
so [0092] Thus, in this comparative example, although a semiconductor film having an uniform property in the thick- 
ness direction can be formed on part of the web substrate, because plasma generated in the film-ionming space 317 
has unevenness with respect to the piasma intensity distribution, a semiconductor film having a homogeneous fiim 
properly cannot be desirable formed over the entirety of the web substrate. On the other hand, in Example 1 8, a sem- 
iconductor film having a homogeneous film property could be desirable formed over the entirety of the web substrate. 
55 > 
Compar ative Exam pl e2 A 

[0093] The procedures of Example 1 A were repeated, except that the length 31 8 of the film-forming space 31 7 rei- 
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ative to the transportation direction of the web substrate was made to be 1 /32 (9.375 cm) of the wavelength of the VHF 
power supplied which is shorter than 1/6 of said wavelength ana the flow rates of the raw material gases and the VHF 
power in the film-forming space 31 7 were adjusted so that the thickness of the i-type semiconductor tsyer formed by me 
film-forming space 31 7 became the same as that in Example 1A, to obtain a plurality of solar cells having an n-i-P junc- 
5 tion structure. 

[0094] The resultant solar cells were evaluated in the same manner as in Example 1 A to obtain an average photo- 
electric conversion efficiency for them. 

[0095] The average photoelectric conversion efficiency in this comparative example was compared with the aver- 
age photoelectric conversion efficiency in Example 1A by setting the latter at 1. As a result, the average photoelectric 
io conversion efficiency in this comparative example was found to be 0.7 time that in Example 1 A. 

[00961 This result reveals that the average photoelectric conversion efficiency of the so-lar cells in this comparative 
example is apparently inferior to that of the solar cells in Example 1A. 

[00971 E° r tne reason for this, it is considered such that because The length. 31 S of the film-forming space 31 7 rel- 
ative to the transportation direction of the web substrate is 1/32 of the wavelength of the VHF power supplied which is 
15 quite short, the distance between the bar-like shaped electrode 312 and each of the opposite inner wall faces of the 
fiim-forrning space 31 7 is short and because o< this, when a tiny protrusion is present on the Inner wall face, discharge 
is liable to convergentiy occur at such protrusion, where the discharge becomes uneven. 

;o rr -x r_ f)to2 * 

20 

[0098] The procedures of Example 1 B were repeated, except that the Sengfti 31 8 of the film-forming space 31 7 rel- 
ative to the transportation direction of fhe web substrate was made to be 1/32 (9.375 cm) of the wavelength of the VHF 
power supplied which is shorter than 1/6 of said wavelength and the flow rates of the raw material gases and the VHF 
. power in the film-forming space 3 1 7 were adjusted so that the thickness of the i-type semiconductor layer formed by the 
25 film-forming space 317 became the same as that in Example 1 B. to obtain a plurality of solar cells having an n-i-P junc- 
tion structure. 

[0099] The resultant solar cells were evaluated in the same manner as in Example i A to obtain an average photo- 
electric conversiut Mc\ ncy ft |;em 

[0100] The average photoelectric conversion efficiency in this comparative example was' compared with the aver- 
se age photoelectric conversion efficiency in Example IB by setting the latter at 1. As a result, the average photoelectric 
conversion efficiency in this comparative example was found to be 0.7 time that in Example 1 B, 
[0101 J This nesuft reveals that the average photoelectric conversion efficiency of the solar ceils in this comparative 
example is apparently inferior to that of the solar cells in Example 1B. 

[0102] The reason for this is considered to be owing to the same factor described in Comparative Example 2A. 

35 

EmmDje2 

[0103] The procedures ol Example 1 A were repeated, except that the length 31 8 of the film-fcrming space 31 7 rel- 
ative to the transportation direction of the web substrate was made to be 1/16 (18.75 cm) of the wavelength of the VHF 
40 power supplied and the flow rates of the raw materia! gases and the VHF power in the film-forming space 317 were 
adjusted so that the thickness of the i-type semiconductor layer formed by the film-forming space 31 7 became the same 
as that in Example 1 A, to obtain a plurality of solar cells having an n -i-P junction structure, 

[0104] The resultant solar cells were evaluated in the same manner as in Example 1 A to obtain an average photo- 
electric conversion efficiency for them. 
4S [01OB] The average photoelectric conversion efficiency in this example was compared with the average photoelec- 
tric conversion efficiency in Example 1A by setting the latter at f. Asa result, the average photoelectric conversion effi- 
ciency in this example was found to be 0.9 time that in Example 1 AT 

[01Q6] This result reveals that the average photoelectric conversion efficiency of the solar celts in this example is 
somewhat inferior to that of the solar cells in Example i A. However, the average photoelectric conversion efficiency of 
so the solar cells in this comparative example is satisfactory. Thus, it is understood that this example enables ore to effi- 
ciently mass-produce solar cells having satisfactory solar cell characteristics. -■ 

Exam ple 3 

55 [0107] The procedures of-Example 1 A were repeated, except that the length 31 8 of the film-forming space 31 7 rel- 
ative to the transportation direction of the web substrate was made to be 1/2 (150 cm) of the wavelength of the VHF 
power supplied and the flow rates of .the raw material gases and the VHF power in the film-forming space 317 were 
adjusted so that the thickness of the i-type semiconductor layer formed by the film-forming space 317 became the same 
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as that in Example 1 A. to obtain a plurality of solar cefis having an h-i-P junction structure. 

{0108] The resultant solar celts were evaluated in the same manner as in Exampie 1 A to obtain an average photo- 
electric conversion efficiency for them. 

[0109] The average photoelectric conversion efficiency in this exampie was compared with the average photoelec- 
s trie conversion efficiency in Exampie 1 A by setting the latter at 1 . As a result, the average photoelectric conversion effi- 
ciency in this example was found to be 0.9 time 'that in Example 1A. 

[0110] This result reveals that the average photoelectric conversion efficiency of the solar ceils in this example is 
somewhat inferior to that of the solar cells in Example 1 A However, the average photoelectric conversion efficiency of 
the soiar cells in this comparative example is satisfactory. Thus, it is understood that this example enables one to effr- 
io cientiy mass-produce solar cells having satisfactory solar cell characteristics. 

Example 4A and Example 46 

Exa mple 4A : 

IS 

[0111] The procedures of Example 1 A were repeated, except that the discharging frequency (the oscillation fre- 
quency of the VHF power) was changed to 50 MHz; the length 318 of the film-forming space 31 7 relative to the trans- 
portation direction of the web substrate was made to be 1/4 (150 cm) of the wavelength of the VHF power supplied; and 
the flow rates of the raw material gases and the VHF power in the film-forming space 31 7 were adjusted so that the 
so thickness of Hie i-type semiconductor layer formed by the film-forming space 31 7 became the same as that in Example 
1A, to obtain a plurality of solar cells having an n-i-P junction structure. 

Exampie 4B: 

25 [0112] The procedures of Example 4A were repeated, except that the formation of the i-type semiconductor film on 
the web substrate in the film-forming space 31 7 was conducted by suspending the transportation of the web substrate 
when a portion of the web substrate sn which the i-type semiconductor film is to be formed arrived in the film-forming 
space 31 7, to obtain a plurality of solar cells having an n-i-P junction structure. 

so E va luation 

[011 3] The soiar cells obtained in Exampie 4A were evaluated in the same manner as in Example 1 A to obtain an 
everage phoioeiectrie conversion efficiency for them. Similarly, the soiar cells obtained in Example 4B were evaluated 
in the same manner as in Example 1 A to obtain an average photoelectric conversion efficiency for tfiem. 
35 [0114] The average photoelectric conversion efficiency in Example 4A was compared with the average photoelec- 
tric conversion efficiency in Example 48 by setting the latter at 1 . As a result, the average photoelectric conversion effi- 
ciency in Exampie 4A was found to be 0,95 time that in Example 4B. 

[0115] This resuft reveals that the average photoelectric conversion efficiency in Example 4A in which the film for- 
mation was conducted while continuously moving the web substrate is aimost the same as that in Example 4B in which 
40 the film fonnation was conducted while suspending the transportation of the web substrate. Thus, it is understood that 
the film formation while continuously moving the web substrate does not invite a substantial reduction in the average 
photoelectric conversion efficiency for the resulting solar ceils, 

[5116] And the productivity in Example 4A was higher than that in Example 4B because there was adopted the 
method of continuously forming a semiconductor film on the web substrate which is continuously moving in Example 
45 4A. 



Example SA: 

so 

[0117] The procedures of Example 1A were repeated, except that the discharging frequency [the oscillation fre- 
quency of the VHF power) was changed to 300 MHz; the length 31 8 of the film-forming space 31 7 relath/eto the trans- 
portation direction of the web substrate was made to be 1/4 (25 cm) of the wavelength of the VHF power supplied; and 
the flow rates of the raw materia! gases and the VHF power in the film-forming space 317 were adjusted so that ihe 
'66 thickness of the i-type semiconductor layer formed by the film-forming space 31 7-became the same as thai in Example 
1A. lo obtain a plurality of soiar cells having an n-i-P junction structure. 
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Example 5B: 

[0118] The procedures of Example 5A ware repeated, except that the formation of the i-type semiconductor film on ' 
the web substrate in the fiim-formtrtg space 31 7 was conducted by suspending the transportation of the web substrate 
5 when a portion of the web substrate on which the i-type semiconductor film is to be formed arrived in the film-forming 
space 317, to obtain a plurality of solar oslls having art n-i-P junction structure. 

Evajuj^iion 

m [0119] The solar cells obtained in Example 5A were evaluated in the same manner as in Example 1 A to obtain an 
average photoelectric conversion efficiency for them. Similarly, the solar ceils obtained in Example SB were evaluated 
in the same manner as in Example 1 A to obtain an average photoelectric conversion efficiency for them. 
[0120] - The average photoelectric conversion efficiency in Example 5A was compared with the average photoelec- 
tric conversion efficiency in Example 58 by setting the latter at 1. As a result, the average photoelectric conversion effi- 

is ciency in Example 5A was found to be 1 .0 time that in Example SB. 

{0121 ] This result "reveals that the average photoelectric conversion efficiency in Example 5A in which the film for- 
mation was conducfed'whiie continuously moving the web substrate is substantially the same as that in Example SB in 
which the film formation was conducted while suspending the transportation of the web substrate. Thus, it is understood 
that the film formation while continuously moving the web substrate does not invite a substantial reduction in the aver- 

20 age photoelectric conversion efficiency for the resulting solar cells. 

[0122] And the productivity in Example 5A was higher fhan that in Example 5B because there was adopted the 
method of continuously forming a semiconductor film on the web substrate which is continuousfy moving in Example 
5A. 



[0123] The procedures of Example 1 A were repeated, except that a i-rype amorphous silicon (a-Si) semiconductor 
30 film was formed on the web substrate in the film-forming space 317, to obtain a plurality of solar cells having an n-i-P 
junction structure. 

[0124] The film forming conditions in the respective vacuum chambers 303-305 in this example are shown in Table 
2. Incidentally, in this example, on the web substrate which was continuously moving, there were sequentially formed 
an n-type amorphous silicon (a-Si) semiconductor film in the vacuum chamber 303, an i-type amorphous silicon (a-Si) 
35 semiconductor film in the vacuum chamber 304, and a p-tyce mtcrocrystailine silicon <mc-SS) semiconductor film in the 
vacuum chamber 305. 

[C125] In this example, the length 318of the film-forming space 317 relative to the transportation direction of the 
web substrate was made to be 1/4 of the wavelength of the VHF power supplied' as weil as in the case of Example 1 A. 
In this connection, it is considered that an antirode and a node of the VHF were not concurrently present in the film- 
40 forming space 317 and that the plasma was generated in a substantially uniform state in the film-forming space 31 7. 

E xample 6B : 

[0126] The procedures of Example 6A were repeated, except that the formation of the i-type semiconductor f iirn on 
45 the web substrate in the film-forming space 31 7 was conducted by suspending the transportation of the web substrate 
when a portion of the web substrate on which the i-type semiconductor film is to be formed arrived in the film-forming 
space 317, to obtain a plurality of so'at ceils having an n-i-P Junction structure. 



[0127] The soiar cells obtained m Example 6A were evaluated in the same manner as in Example i A to obtain an 
average photoelectric conversion efficiency for them. Similarly, the solar cells obtained in Example 68 were evaluated 
in the same manner as in Example 1 A to obtain an average photoelectric conversion efficiency tor them. 
[0128] The average photoelectric conversion efficiency in Example 6A was compared with the average photoelec- 
tric conversion efficiency in Example 6B by setting the latter at 1 . As a result, the average photoelectric conversion effi- 
ciency in Example 6A was found to be 1 .0 time that In Example 6B. 

[0129J This result reveals that the average photoelectric conversion efficiency in Example dA in which the film for- 
mation was conducted while continuously moving the web substrate is substantially the same as that in Example 6B in 
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which the film formation was conducted white suspending the transportation of the web substrate. Thus, it is understood 
that the fiim formation while continuously moving the web substrate does not invite a substantial reduction in the aver- 
age photoelectric conversion efficiency for the resulting solar cells. 

{01301 And the productivity in Example 6A was higher than that in Example 6B because there was adopted the 
5 method of continuously forming a semiconductor film on the web substrate which is continuousiy moving in Example 
6A. 

[0131] in the above, description has been made of the preparation of solar cells having an n-i-p junction structure. 
But this is not limitative. It is a matter of cou'se to say that the present invention can be desirably adopted in the prep- 
aration of solar cetis having other semiconductor junction structure such as p-i-n junction structure, n f -n'-p*' junction 

io structure, n*"-p'-p* junction structure, p*-p -n + junction structure. p + -n -n + junction structure, or the like. 

[0132] As above detailed, the present invention provides a film-forming apparatus and a films-forming method in 
which a VHF plasma CVD method capable of performing film deposition at a high speed can be desirabiy adopted and 
which make it possible to afford an uniform plasma intensity distribution over a large area even when a bar-like shaped 
electrode having a small surface area is used as the discharge electrode for the VHF power, where a semiconductor 

is film having a substantially uniform film property in the thickness direction can be efficiently over the entire surface of a 
large area substrate at a high speed. 
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Table 1 





vacuum chamber 
303 


304 


vacuum chamber 
305 


oscillation 
frequency 


13.se MHz 


100 MHz 


13.56 MHz 


discharging 
wavelength. 


2212 cm 


300 cm 


2212 cm 


leagtfaoftbs 

space La the 
substrate 
transpcsriatioa 

direction 


90 can 
(1/25 wavelength) 


75 cm 
(1/4 wavelength) 


90 cm 
(1/25 wavelength) 


electrode form 


plate form 


bar-Hke form 
{the longitudinal 
direction ± the 

sabstrate 
traasportatioa 
direction) 


plate tbrm 


Sim formed 


a-SL (a-type) 


a-SiGe (i-fcype) 


microcrystailiEe 
Si (p-type) 


film. thickness 


20 am 


100 am 


10 una 


wattage of faigjb 
tejaaacy power 
supplied 


200 W 


1500 W 


. 1500 W 


bias (D.C.) voltage 




ioov 




raw material gafi 
& 

its flow rate 


SiH^ = 200 seem 


SiH^ 200 seem 


Stfl^ ~ 20 seem 


H 2 " 600 seem 


GeH^i 200 seem 


Rj,~ 2000 eccm 


?H S = 18 seem 


Hj = 1200 seem 


BF a - Iscem 


substrate 
temperature 


300 t 


330 "C 


200 t: 


inner pressure 


133 Pa 


■SPa 


133 Pa 
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Tab 1 e 2 \ j 







vacuum chamber 
303 


vacuum chamber 

;aoj4 


vacuum chamber 




oscillation 
frequency 




300 MHx 


13.56 MBz 




discharging 
wavelength 


2212 cm 


300 cm 


2212 cm 




length of the 
film-fexaing 
space in the 
substrate 
traiaaportafciosi 
dire-ctiosi 


(1/25 wavelength) 


(1/4 wav&kngth) 


(1/25 wavelength) 


20 


eleeta>de form 


plate form 


dar-Kke fcrm 
(the kiagitu'dinal 
direction! -i- the 
substrate 
tmaapoitaiioa 
direction) 


plate form 


* 


Hill formed 


a-Si (n-typa) 


a-Sia-jtvpe) 


mxcrocry&t&ihn& 
■ Si(p-type) 




film thickness 


20 am 


120 am 


10 nm 


30 


wattage of high 
frequency power 
supplied 


200 W 


1500 W 


1500 W 




bias (D.C-) voltage 








35 




SiH 4 = 200 seem 


SiH< = 400 seem 

! 1 


SiH« = 20 seem 




raw material g£3 
& 

its Sow rate 


Hj = BOO seem 


GeH« = 1200 eccm 


Hj -2000 seem 




PH a - L8 seem 




BF 3 - 1 seem 




substrate 
temperature 


300 V, 


aoojt 


200 t 


45 


in oar pressure 


133 Pa 


:3^a 


133 Pa 



10133] A f ilm-forming apparatus for forming a non-single crystalline silicon series semiconductor film on a substrate 
in a film-forming space provided in a vacuum chamber using a very high frequency power supplied through a high fre- 
quency power supply means comprising a bar-like shaped electrode, wherein said bar-like shaped electrode is 
arranged such that the longitudinal direction thereof intersects a direction for said subsirate to be moved, and a length 
55 of said fi!m-forming"ispace relative to the direction for said substrate to be moved is in £ range of from 1/1.8 to 1/2 of a 
wavelength of said very high frequency power supplied in said film-forming space. A film-forming method for forming a 
non-single crystalline silicon series semiconductor film on a substrate using said film-forming apparatus. 
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Claims 

1. A fflm-forrnirg apparatus comprising at feast a vacuum chamber having s fitm -forming space provided therein, a 
high frequency power supply means, and a raw material gas introduction means 3nd in which a non-stngfe crystat- 

5 line silicon series semiconductor film is formed on a substrata positioned in said film-forming apace by introducing 

a raw material gas into said fifm-forming space through said raw materia! gas introduction means and supplying a 
high frequency power into said film-forming space through said high frequency power supply means, wherein said 
high frequency power supply means comprises a bar-like shaped electrode electrically connected to a very high 
frequency power source, said high frequency power supplied in said film-forming space comprises a very high fre- 

io quency power, said bar-like shaped electrode is arranged such that the /ongitudinat direction of said bar-like 
shaped electrode intersects a direction for said substrate to be moved, Bnd a length ol said film-forming space rel- 
ative to the direction for said substrate to be moved is in a range of from 1/16 to 1/2 of a wavelength of said very 
high frequency power supplied in said film-forming space. 

?s 2. A fiim-forming apparatus according to claim 1 , wherein said substrate comprises a long web substrate. 

3. A film-forming apparatus according to claim 1 , wherein said bar-Sike shaoed electrode is arranged in said film-fo rm- 
ing space such that its longitudinal direction is substantially perpendicular to the direction for said substrate to be 
moved. 

20 

4. A film-forming apparatus according to claim 1 , wherein said bar-like shaped electrode is arranged in said film-form- 
ing space such that it is situated substantially at a center of the direction for said substrate to be moved 

5. A film-forming apparatus according to claim 1 , wherein a direct current power source is also electrically connected 
2s to said bar-like shaped electrode so as to supply a desired bias voltage into said fifm-forming space together with 

said very high frequency power. 

6. A fiim-forrning apparatus according to claim 1, wherein said vacuum chamber having said fiim-forming space is 
communicated with other vacuum chambers each having a fifm-forming space, said substrate comprises a long 

3o web substrate which is continuously moved in its longitudinal direction while sequentially passing through said film- 
forming spaces, wherein a plurality of non-singie crystalline silicon series semiconductor films are continuously 
formed on said long web substrate which is continuously moved while forming a desired non-single crystalline sili- 
con series semiconductor film on said long web substrate by each fiim-forming space. 

as 7. A film-forming method for forming a non-single crystalline silicon series semiconductor film on a substrate posi- 
tioned in a film-forming space by introducing a raw material gas into said film-forming space and simultaneously 
supplying a very high frequency power into said film-forming space, wherein said very high frequency power is sup- 
plied through a bar-like shaped electrode, wherein said bar-like shaped electrode is arranged such that the longi- 
tudinal direction of said bar-like shaped electrode intersects a direction for said substrate to be moved, and a length 

40 of said fifm-forming space relative to the direction forsaid substrate to be moved is In 3 range of Irom \l\ 6 to 1/2 of 
a wavelength of said VHF power supplied in said film-forming space . 

8. A film-forming method according to claim 7. wherein said substrate comprises a long web substrate. 

45 9. A film-forming method according to claim 7, wherein said bar-like shaped electrode is arranged in said film-forming 
space such that its longitudinal direction is substantially perpendicular to the direction for said substrate to be 
moved, 

10. A film-forming method according to claim 7, wherein said bar-like shaped electrode is arranged in said fiim-forming 
so space such that it is situated substantially at a center of the direction for said substrate to be moved. 

11. A fiim-forming method according to claim 7, wherein a desired bias voltage is supplied into said film-forming space 
together with said very high frequency power. 

ss 12. A film-forming method according to claim 7, wherein said fiim-forming space is communicated with other isolated 
liim-fonrnirig spaces, said substrate comprises a long web substrate which is continuously moved in its longitudinal 
direction while sequentially passing through said film-forming spaces, wherein a plurality of non-single crystalline 
silicon series semiconductor films are continuously formed on said long web substrate which is continuously moved 
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while forming a desired non-single crystailine silicon series semiconductor film on said long web substrate by each 
film-forming space. 
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